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Abstract-Deep Space 1 is the first interplanetary
spacecraft to use an ion propulsion system for the pri-
mary delta-v maneuvers. The purpose of the mission
is to validate a number of technologies, including ion
propulsion and a high degree of spacecraft autonomy,
on a flyby of an asteroid and two comets. The ion
propulsion system has operated for a total of 3500
hours at engine power levels ranging from 0.48 to 1.94
kW and has completed the encounter with the aster-
oid 1992KD and the first set of deterministic burns
required for a 2001 encounter with comet Wilson-
Harrington. The system has worked extremely well
after an initial grid short was cleared after launch. Op-
eration during this primary mission phase has demon-
strated all ion propulsion system and autonomous nav-
igation functions. All propulsion system operating pa-
rameters are very close to the expected values with the
exception of the thrust at higher power levels, which
is about 2 percent lower than that calculated from the
electrical parameters. This paper provides an overview
of the system and presents the first flight validation
data on an ion propulsion system in interplanetary
space.
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1. INTRODUCTION

NASA’s New Millennium Program (NMP) is de-
signed to flight validate high risk, high payoff technolo-
gies that will be required to execute future Earth or-
bital and Solar System exploration missions. A xenon
ion primary propulsion system (IPS) is one of the
key technologies being demonstrated on Deep Space
1 (DS1), the first of the New Millenium missions [1].
This spacecraft was launched in October, 1998, flew by
the asteroid Braille (1992KD) in July, 1999 and is now
on a trajectory for flybys of comets Wilson-Harrington
and Borrelly in 2001. The validation objectives of
DS1 include demonstrating the functionality and per-
formance of the jon propulsion system in an environ-
ment similar to what will be encountered by future
users, the compatibility of the IPS with the spacecraft
and science instruments, and autonomous navigation
and control of the IPS with minimum ground mis-
sion operations support. The in-space performance of
the propellant feed system is discussed in reference [2]
and preliminary results on the interactions of the IPS
with the spacecraft and instrumentation are presented
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in {3]. This paper provides an overview of the DSI
flight svstem and summarizes the results of validation
activities associated with the engine performance and
mission operations.

2. OVERVIEW OF THE NSTAR [oN PROPULSION
SYSTEM

The flight ion propulsion system was delivered to
DS1 by the NASA Solar Electric Propulsion (SEP)
Technology Applications Readiness (NSTAR) pro-
gram, a joint Jet Propulsion Laboratory/Glenn Re-
search Center effort to develop NASA’s 30 cm ion
thruster technology for flight applications with in-
dustry participation from Hughes Electron Dynam-
ics, Moog, Inc. and Spectrum Astro, Inc. The ion
thruster uses propellant delivered by a Xenon Feed
System (XFS) and is powered by a Power Process-
ing Unit (PPU), which converts power from the solar
array to the currents and voltages required by the en-
gine. The XFS and PPU are controlled by a Digital
Control Interface Unit (DCIU), which accepts and ex-
ecutes high level commands from the spacecraft com-
puter and provides propulsion subsystem telemetry to
the spacecraft data system. Planetary missions often
require a wide throttling range to accommodate vari-
ations in solar array output power with distance from
the Sun, so the NSTAR IPS was designed to operate
over an engine power range of 0.5 kWe to 2.3 kWe. The
development of the flight system is discussed in detail
in references [4, 5]. The following sections provide a
brief summary of the four main system elements.

ITon Thruster

The 30-cm diameter flight ion thruster fabricated by
Hughes Electron Dynamics (HED) has four main com-
ponents: the discharge chamber, which serves as the
anode and the main structural element, the discharge
cathode assembly, the neutralizer cathode assembly,
and the external plasma screen which is grounded to
the spacecraft. This engine is based on technologies
developed by NASA [4] and is designed to operate over
an input power range of 0.5-2.3 kWe with a thrust of
20-92 mN, a specific impulse of 1950-3100 s and a
total beginning-of-life efficiency of 0.42-0.62. The de-
sign life is 8000 hours at the full power operating point
or a propellant throughput capability of 83 kg and a
total impulse capability of 2.65x10% Ns for an arbi-
trary throttling profile. The structural design of all
IPS components was based in part on shock and ran-
dom vibration requirements specified by DS1 [4]. The
mass of the flight thruster is listed in Table (1), but
does not include the flight cable. Three gimbal brack-
ets serve as the mechanical interface to the spacecraft.

Table 1: Masses of the flight ion propulsion system
components on the DS1 spacecraft.

Assembly Mass (kg)
Thruster 8.33
Power Processing Unit 15.03
Digital Control Interface Unit 2.47
Xenon Feed System 20.47
PPU to Thruster Cable 1.70
Total 48.00

Three resistoflex fittings are used to connect the dis-
charge chamber, main cathode and neutralizer cathode
feed lines to the XFS. The thruster internal wiring har-
ness is connected to a terminal assembly in the neu-
tralizer housing. All electrical leads connect to the
engine at this point, and are packaged in two bundles
inside one external cable. This power cable crosses
the gimbal interface and terminates in a field joint on
the spacecraft. Two flight thrusters were built for the
NSTAR program. Flight thruster 1 (FT1) was inte-
grated onto the DS1 spacecraft, while the flight spare
engine (FT2) is now being used in a long duration Ex-
tended Life Test (ELT) [6].

Xenon Feed System

The xenon feed system is designed to store up to 83 kg
of xenon propellant and provide flow rates controlied
to within +3 percent that range from 6 to 24 sccm
for the main flow and 2.4 to 3.7 sccm for the cath-
odes. Xenon is stored as a supercritical fluid in a
propellant tank which is maintained at a temperature
of 20°C. The flow rate accuracy and throttleability
is achieved by controlling the pressure in two plenum
tanks upstream of porous metal plugs which act as
fixed flow control devices (FCDs). The pressures in
the plena are measured with multiply redundant pres-
sure transducers and controlled with two bang-bang
solenoid valve regulators. The main flow is fed from
one plenum, while both cathode lines are manifolded
into the other. The FCDs for the two cathodes are
closely matched, so the discharge cathode and neu-
tralizer flows are approximately equal over the entire
throttling range. The flow rate through the FCDs is a
function of upstream pressure and temperature, so the
plenum pressure is varied to achieve a commanded flow
rate and compensate for changes in the FCD temper-
atures. All of the flow control components are assem-
bled on a single plate which was built by Moog, Inc.
The propellant feed lines exit the xenon control as-
sembly, cross the gimbal mechanism and attach to the
thruster with resistoflex fittings. The XCA electrical
interfaces include transducer power and analog signals
and power to drive the solenoid and latch valves. The



mass of the entire flight XFS listed in Table (1) in-
cludes tank, How control components, tubing, wiring
and the XCA plate.

Power Processing Unit

The PPU is designed to take an 80-160 VDC input
directly from the solar array and supply the appro-
priate currents and voltages to operate the engine. It
is packaged in an enclosure which is designed to be
bolted onto the spacecraft bus. In addition to the
high voltage input bus, the enclosure includes a 28
VDC internal housekeeping bus which provides con-
trol power for the internal power supplies and drives
an internal "slice” circuit board. This board oper-
ates an RS422 command and telemetry interface, dig-
itizes the PPU telemetry and controls the power sup-
plies based on commands from the DCIU. Both input
busses have electomagnetic interference filters to meet
the conducted emission requirements of MIL-STD-461.
The high voltage input is distributed to three inverters
operating at 20 kHz which drive the beam, accelera-
tor grid, discharge, neutralizer keeper, discharge cath-
ode heater and neutralizer heater power supplies. The
output filters of the discharge and neutralizer keeper
supplies consist of an inductor with a pulse-generating
winding. Pulses with an amplitude of 650 V and a
period of 10 us are produced on the outputs of these
supplies at a 10 Hz rate during thruster ignition to
help initiate the discharges. The power supply out-
puts are routed to internal relays which allow them
to be switched to one of two terminal blocks, so that
a single PPU can be used to run one of two engines
at a time. External power output cables attached to
these terminals route power to the field joint on the
spacecraft. The flight PPU mass listed in Table (1)
includes 1.7 kg for micrometeoroid shielding but the
external power cable is listed separately. The PPU
was designed with a radiation hardening level of 100
krad.

The PPU contains internal protection for input over-
and undervoltage conditions and each supply is short-
circuit protected. When a short-circuit is detected on
the beam or accelerator grid supplies, internal logic
initiates a recycle in an attempt to clear the high volt-
age fault. The recycle sequence includes turning both
supplies off, ramping the discharge current down to 4
A, enabling both supplies again and then ramping the
discharge current back to the original setpoint.

Digital Control Interface Unit
The DCIU, built by Spectrum Astro, Inc. serves as

the primary data acquisition, control and communica-
tions unit in the IPS and is also packaged in a box de-

signed to bolt onto the exterior of the spacecraft. The
functions of the DCIU include acquisition, storage and
processing of the signals from the sensors on the XFS
and telemetry from the PPU slice, control of the valves
in the XFS and power supplies in the PPU (through
the slice), and communication with the spacecraft data
and control system. The DCIU executes stored se-
quences that control IPS operating modes in response
to high level commands generated on the ground or
autonomously by the spacecraft. The specific oper-
ating modes are discussed in more detail in the next
section. The DCIU is powered by the 28 VDC space-
craft auxiliary power bus and contains three half-width
VME boards that perform the data acquisition, com-
munications and processing and valve driver functions.
The communications with the PPU slice occur over an
RS422 interface and commands from and telemetry to
the spacecraft are transmitted on a MIL-STD-1553 in-
terface. The DCIU provides power for the valve drivers
and transducers in the XFS and recieves analog signals
from the sensors. The DCIU mass shown in Table (1)
does not include the weight of additional thermal con-
trol hardware mounted by the DS1 program.

The flight electrical telemetry is calibrated to within
+2 percent of reading for the high voltage supply pa-
rameters and +2 percent of full scale for the other
parameters. In this paper the values have been cor-
rected using the ground calibration data and are more
accurate-typically the standard error is under 0.2-0.8
percent of full scale. The voltage measurements have
also been corrected for flight cable line drops and rep-
resent the values that would be measured at the en-
gine.

Operating Modes

The DCIU software is designed to perform the func-
tions described briefly in this section. The system also
has a number of fault recovery functions which are de-
fined in [7]. Only a few of those will be discussed here.
Cathode Conditioning-After launch the cathodes are
heated to help drive off oxidizing impurities from the
inserts. This sequence is initiated by a single com-
mand and controlled by the DCIU.

Thruster Ignition-This operating mode begins with
pressurizing the plenum tanks to the proper values,
starting propellant flow to the engine, and pre-heating
the cathodes. After 210 s of heating, the neutralizer
high voltage pulse ignitor is started to ignite the neu-
tralizer discharge. After neutralizer keeper current is
detected, the heater and ignitors are turned off and
the discharge is ignited with a separate pulse ignitor.
When both discharges have successfully lit, the high
voltage is turned on at the minimum power level and
the engine is throttled to the final setpoint. The accel-



Table 2: Flight throttle table of parameters controlled by the DCIU.

NSTAR Mission Beam Beam Accelerator  Neutralizer Main Cathode
Throttle | Throttle | Supply Supply Grid Keeper Plenum Plenum
Level Level Voltage  Current Voltage Current Pressure  Pressure

\2) (A) (V) (A) (psia) (psia)

15 111 1100 1.76 -180 1.5 87.55 50.21

14 104 1100 1.67 -180 1.5 84.72 47.50

13 97 1100 1.58 -180 1.5 81.85 45.18

12 90 1100 1.49 -180 1.5 79.29 43.80

11 83 1100 1.40 -180 1.5 76.06 42.38

10 76 1100 1.30 -180 1.5 72.90 41.03

9 69 1100 1.20 -180 1.5 69.80 40.26

8 62 1100 1.10 -180 1.5 65.75 40.26

7 55 1100 1.00 -150 2.0 61.70 40.26

6 48 1100 0.91 -150 2.0 57.31 40.26

5 41 1100 0.81 -150 2.0 52.86 40.26

4 34 1100 0.71 -150 2.0 48.08 40.26

3 27 1100 0.61 -150 2.0 43.18 40.26

2 20 1100 0.52 -150 2.0 39.22 40.26

1 13 850 0.53 -150 2.0 39.41 40.26

0 6 650 0.51 -150 2.0 40.01 40.26

erator grid voltage is set to -250 V for two hours after
ignition, then is increased to the final throttle point
value. '

Steady State Operation-The DCIU is capable of oper-
ating the thruster at any one of 16 discrete throttle
levels from a throttling table stored in memory. This
table contains the setpoints for the PPU power sup-
plies and the XFS pressures and can be modified by
ground command. The NSTAR 16 level throttle table
showing the entire range of operation is listed in Table
(2). The DCIU commands the PPU power supplies
to deliver these values and controls the XFS valves to
maintain the desired pressures in steady state oper-
ation. The beam current setpoint is maintained by
closed-loop control of the discharge current.
Throttling-When a new throttle level is commanded,
the DCIU ramps the XFS pressures and PPU out-
puts to the new values. If the power level is being
increased, the flows are raised before the engine power
is changed. To throttle down, the electrical parame-
ters are changed first, then the flow rates.

Thruster Power Down-In this operating mode the
power supplies are turned off and all XFS valves are
closed.

Continuous Recycling Fault Mode-The DCIU monitors
the number of recycle events initiated by the PPU un-
der high voltage fault conditions. If 25 or more are
recorded in a 90 s time period, the engine is shut off
and a fault flag is set.

Grid Clear Fault Recovery-In the event of a physical
short between the grids that cannot be cleared by re-
cycling or mechanical methods, the DCIU can be com-
manded to execute a grid clear operation. In this op-
erating mode, internal relays in the PPU are closed
to apply the discharge supply to the ion optics. The

supply is then turned on at 4 A for a period of 30 s in
an attempt to resistively heat and vaporize the short.

These DCIU functions can be called with ground
commands. In addition, the spacecraft can generate
commands to the IPS to perform certain operations.
The IPS is throttled autonomously by the spacecraft
to track the solar array output. DS1 also includes an
autonomous system (AutoNav) to navigate the space-
craft to the next encounter target. This system con-
tains an optimized trajectory that was computed on
the ground and a catolog of ephemerides for a number
of stars, asteroids, the planets and the DS1 target bod-
ies. Periodically (one to three times per week) during
a burn, the system automatically turns the spacecraft
to optically observe the positions of a number of these
bodies against the stellar background and calculates
the spacecraft position. The heliocentric orbit is then
determined and the trajectory propogated to the next
target. Required course changes are generated by the
maneuver design element and accomplished by varying
the IPS thrust direction and duration. This technology
dramatically reduces the need for mission operations
support, as described below.

The NSTAR Throttle Table

The NSTAR 16 point throttle table contains the IPS
setpoints required to operate the system over the
required throttling range. A corresponding mission
throttle table containing the flow rates, thrust and
PPU input and output power levels is required to per-
form the mission trajectory design. The NSTAR mis-
sion table is listed in Table (3). The development of
these throttle tables is described in this section.



Table 3: Flight throttle table of parameters used in mission analysis.

NSTAR Mission PPU Engine
Throttle | Throttle | Input Input Calculated Main Cathode Neutralizer  Specific Total
Level Level Power  Power Thrust Flow Rate Flow Rate Flow Rate Impulse Efficiency
(kW) (kW) (mN) (sccm) (scem) (scem) (s)
15 111 2.52 2.29 92.4 23.43 3.70 3.59 3120 0.618
14 104 2.38 2.17 87.6 22.19 3.35 3.25 3157 0.624
13 97 2.25 2.06 82.9 20.95 3.06 2.97 3185 0.630
12 90 2.11 1.94 78.2 19.86 2.89 2.80 3174 0.628
11 83 1.98 1.82 73.4 18.51 2,72 2.64 3189 0.631
10 76 1.84 1.70 68.2 17.22 2.56 2.48 3177 0.626
9 69 1.70 1.57 63.0 15.98 2.47 2.39 3136 0.618
8 62 1.56 1.44 57.8 14.41 2.47 2.39 3109 0.611
7 55 1.44 1.33 52.5 12.90 2.47 2.39 3067 0.596
6 48 1.32 1.21 47.7 11.33 2.47 2.39 3058 0.590
5 41 1.19 1.09 42.5 9.82 2.47 2.39 3002 0.574
4 34 1.06 0.97 37.2 8.30 2.47 2.39 2935 0.554
3 27 0.93 0.85 32.0 6.85 247 2.39 2836 0.527
2 20 0.81 0.74 27.4 5.77 247 2.39 2671 0.487
1 13 0.67 0.60 24.5 5.82 247 2.39 2376 0.472
0 6 0.53 0.47 20.6 5.98 2.47 2.39 1972 0.420

Power throttling is accomplished by varying the
beam voltage and current. The engine throttling en-
velope with lines of constant beam power is shown in
Fig. (1). The boundaries of this envelope represent the
maximum beam voltage and current capabilities, the
minimum beam current (which is determined primar-
ily by the minimum discharge current) and the beam
voltage perveance limit. The NSTAR throttle table
was designed to maximize the specific impulse, so the
power is varied with beam current throttling over most
of the range. The lowest power levels are achieved by
operating at the minimum beam current and throttling
the beam voltage.

The discharge chamber flow rate was selected to give
the propellant utilization shown in Fig. (2). The pro-
pellant efficiency of 0.9 was chosen at high power levels
as a compromise between maximizing total engine ef-
ficiency and minimizing double ion production, which
can drive internal erosion rates. A propellant efficiency
of 0.9-0.91 is maintained over most of the range. At
the lowest powers the double-to-single ion current ra-
tio is low, so lower propellant efficiencies were chosen
to optimize performance and achieve the desired total
power.

The neutralizer and cathode flow rates are approx-
imately equal at each operating point and vary over
the throttling range as shown in Fig. (3). The mini-
mum flow rate was designed to prevent the neutralizer
from operating in plume mode, which can cause ex-
cessive erosion of the orifice. End-of-life neutralizer
characterization data from the 8200 hour Life Demon-
stration Test (LDT) of an engineering model thruster
(EMT?2) are shown on this plot as well [8]. The maxi-
mum flow rate was chosen to match the discharge cath-
ode flow rate used in a 1000 hour test of an engineering
model thruster which demonstrated little cathode ero-

sion compared to a previous 2000 hour test at a lower
flow rate [9]. Subsequent tests suggest that other de-
sign changes were responsible for the erosion rate re-
duction, but the higher flow was maintained to be con-
servative.

The thrust in the mission throttle table is calculated
from the engine electrical setpoints, '

1/2

T = aFJy(V, = V,)}/? (21:{) (1)
where J,, is the beam current, V; is the beam power
supply voltage, V; is the coupling voltage between neu-
tralizer common and the facility ground or ambient
space plasma, M is the mass of a xenon ion and e is
the charge of an electron. The factors « and F; correct
for the doubly-charged ion content of the beam and
thrust loss due to beam divergence [10]. A constant
value of 0.98 for F; based on earlier 30-cm thruster
ground tests and a value of « based on a curve fit to
centerline double ion current measurements as a func-
tion of propellant utilization efficiency in a 30 cm, ring-
cusp inert gas thruster [11] were used. Earlier direct
measurements of thrust from the LDT agreed well with
the calculated value [10, 8]. More recent measurements
with the flight thrusters were somewhat lower than the
calculated values for intermediate throttle levels. The
difference between the measured thrust and the table
values is shown in Fig. (4).

The power required for a given thrust level increases
over the engine lifetime due to wear [10], so two ta-
bles representing beginning-of-life (BOL) and end-of-
life (EOL) were developed. These have the same en-
gine setpoints shown in Table (2) but different engine
power levels. The BOL table was developed primarily
through testing with engineering model thrusters and
updated with data from pre-flight measurements with
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FT1. The EOL table was based largely on measure-
ments from the 8200 hour test of EMT2. The power at
the lowest throttle levels was extrapolated from per-
formance curves obtained after about 6500 hours of
operation. The extrapolations were based on sensitiv-
ity data, which were used to correct for slight differ-
ences in some of the controlled parameters. The differ-
ence between BOL and EOL engine power is plotted
in Fig. (5). Additional measurements taken at some of
these throttle levels after about 6900 hours of opera-
tion in the LDT are also shown. They suggest that the
EOL power at some of the lower throttle levels is over-
estimated in the throttling table. BOL data obtained
with the two flight thrusters demonstrates that their
initial performance agrees well with the table values.

The PPU input power corresponding to a given en-
gine power is determined by the PPU efficiency. The
efficiency of the flight PPU was characterized as a func-
tion of input bus voltage and temperature in several
ground tests, as shown in Fig. (6). The lowest mea-
sured values over this range of parameters were used
to define the lowermost line in the figure. This conser-
vative estimate of PPU efficiency was used to generate
the PPU input powers in the throttle table.

To make finer steps in power throttling and more
closely track the solar array peak power, a 112 point
throttle table was also developed. Throttling between
the 16 NSTAR throttle points is accomplished by vary-
ing the beam voltage to give steps approximately 20
W apart. A 16 point subset of this table is loaded
into the DCIU to provide fine control over a restricted
power range for a given mission phase.

3. PosT-LAUNCH IPS OPERATION AND
VALIDATION ACTIVITIES

Operation of the ion propuision system in the DS1
mission can be organized into several phases which are
summarized in this section.

Decontamination

The first IPS in-space activity was a bakeout of the
downstream portion of the propellant feed system that
occurred after launch. Prior to this the thruster axis
was oriented away from the Sun. The spacecraft was
turned so that the angle between the axis and the Sun
was 30° to warm the thruster and feed system. This
was done to help remove any residual contaminants in
the portions of the feed system that had been exposed
to air prior to launch. The cathode conditioning se-
quence was then executed to bakeout the cathode in-
serts. Finally, the discharges were operated for four
hours at high power levels to further bakeout the en-
gine prior to application of high voltage.

Initial Start and Grid Short

The following day the first engine ignition occurred.
Both cathodes lit properly and the engine ran nomi-
nally at the minimum power point for 4.5 minutes be-
fore continuous recycling caused a thruster shutdown.
A short between the grids was suspected, but at this
point a failure of one of the high voltage supplies could
not be ruled out. Fourteen additional start attempts
were made under various engine thermal conditions
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(created by spacecraft turns toward or away from the
Sun), but all ended in continuous recycling when the
high voltage was applied.

Troubleshooting

Delta-v maneuvers using the IPS were not required
to encounter the target bodies until much later in the
mission, so a detailed investigation of the problem was
undertaken. Several options were identified, including
attempting a grid clear command, thermally cycling
the engine to force a mechanical separation of the grids
that might dislodge a particle, running additional re-
cycles and developing additional diagnostics to help
identify the fault.

The NSTAR PPU is designed to deliver 4 A into a
grid short to clear those that are not cleared by re-
cycles, as outlined above. However, this system was
designed primarily to clear thin molybdenum flakes
generated by spalling of sputter-deposited films inside
the discharge chamber after many thousands of hours
of operation. Grid shorting this early in a mission was
more likely due to particulates from the launch vehicle
payload fairing or generated during the payload sepa-
ration, which could be much larger than films from the
discharge chamber. The risk of permanently welding
a large particulate between the grids with the stan-
dard grid clear circuit was not known, so an experi-
mental and theoretical effort to characterize the grid
clear process was undertaken prior to using it under
these circumstances. The results of this investigation
are reported in [12].

Thermal and structural models of the ion optics
were also coupled during this period to determine the
mechanical effect of thermally cycling the grids. This
modeling showed that significant transient changes in
the grid spacing can be achieved by turning the space-
craft to heat or cool the grids. This technique was
used to clear grid shorts on the SERT II flight experi-
ment [13] and appeared to have the least risk. During
the two week problem investigation period the space-
craft was turned several times to thermally cycle the
grids.

The IPS is designed with hardware interlocks which
prevent operation of the high voltage supplies be-
fore the discharges are ignited, so it was not possi-
ble to command these supplies on separately to test
them. The DCIU software was modified to provide
brief bursts of high speed data for various PPU electri-
cal parameters during recycles to help diagnose which
supplies were affected. Finally, a test involving opera-
tion of the discharge supply only with no flows (which
is allowed by the system) was developed. If the grids
are shorted, the accelerator grid voltage telemetry will
change when the discharge open circuit voltage is ap-
plied, otherwise it remains close to zero. This is a clear
discriminator between open circuits and shorts on the
ion optics.

Recovery Start
Thirty one days after launch the discharge-only test

was executed and the results suggested that the grids
were not shorted. Another start attempt was then



made, primarily with the intent to gather high speed
engine data during continuous recycling to help diag-
nose the fault. Fortunately the engine started properly
this time, and has continued to run flawlessly since
this point. Apparently the thermal cycling success-
fully cleared debris lodged between the grids.

First Performance Test

Over the next two weeks the engine was operated at
power levels ranging from 0.48 to 1.94 kW to charac-
terize the BOL performance. This burn was used to
contribute to the required spacecraft delta-v, but was
not controlled by AutoNav. The throttle levels were
dictated primarily by the validation objectives. This
test was designated IPS Acceptance Test 1 (IAT1).

Deterministic Thrusting for the Braille Encounter

[AT1 was followed by approximately 100 hours of
thrusting at power levels ranging from 1.7 to 1.86 kW.
These initial operations also contributed to the re-
quired total impulse, but were executed with ground
commands. These were followed by a coast period,
then seven navigational burns (NBURNS) totalling ap-
proximately 900 hours of operation. These maneuvers
were executed autonomously by AutoNav and used au-
tomatic peak power tracking to determine the max-
imum achievable throttle level. The first of these,
NBURN 0, did not use the optical navigation for
spacecraft position determination, but all subsequent
NBURNSs have exercised the full AutoNav capability.
This portion of the mission was on an outbound part
of the trajectory, so the available array power dropped
continuously and the engine was operated at power
levels as low as 0.7 kWe. These burns completed the
deterministic thrusting required for the encounter with
asteroid 1992KD.

Second Performance Test

After another coast period a second throttling test was
performed. This brief test, designated IAT2, was re-
stricted to power levels ranging from 0.49 to 0.98 kW
by total solar array power.

Trajectory Correction Maneuvers

In addition to the deterministic burns, the IPS was
used for some of the final trajectory correction maneu-
vers (TCMs) prior to the asteroid encounter. These
burns each lasted 2—4 hours and placed the spacecraft
on a trajectory which passed within 15 km of the as-
teroid. TCMs on the final day before the encounter
were performed with the hydrazine attitude control

thrusters. Certain spacecraft attitudes with respect to
the Sun are not allowed because of tiw orientation of
sensitive optical instruments or thermal control sur-
faces. If thrust is required in a direction disallowed by
these constraints, the maneuver was decomposed into
two burns in safe directions with a resultant thrust in
the proper direction. All of these operations were ex-
ecuted by AutoNav with no ground intervention.

Navigational Burns for the Comet Encounters

Two days after the Braille encounter, the IPS started
another series of NBURNs under AutoNav control to
achieve the proper trajectory toward the comet en-
counters. To date 12 additional NBURNSs totaling ap-
proximately 1700 hours of operation at power levels of
0.9 to 1.3 kWe have been completed.

4. IN-FLIGHT SYSTEM PERFORMANCE

One of the primary objectives of the flight validation
activity is to verify that the system performs in space
as it does on the ground. The parameters of interest to
future mission planners are those in the mission throt-
tle table: thrust and mass flow rate as a function of
PPU input power. In this section the system power,
thrust and mass flow rate behavior will be evaluated
in terms of the throttle table.

PPU Power Input Requirements

The PPU input power is determined by the PPU out-
put power (engine power requirement) and the PPU ef-
ficiency. The difference between the in-flight engine in-
put power and the BOL throttle table power is shown
in Fig. (7). These power values are based on the in-
dividual power supply current and voltage telemetry
readings. The total engine power consumed during
the TAT1 throttle test and initial operations differed
from the table values by only about 2 W on average,
although the uncertainties are much larger than this,
as shown by representative error bars on the figure.
The engine power requirement increased by 12-15 W
with time, however, as indicated by the data from the
second major thrust period from 852 to 1802 hours
of operation. During the third major thrust arc from
1802 to 3495 hours the engine power has increased to
the EOL power values used in the throttle table, which
is represented by the dashed line in Fig. (7). This in-
creased power demand is due primarily to increased
discharge power losses, as discussed in the next section.
This is a normal consequence of engine aging {10, 8],
but does not imply that the engine is nearing end of
life. In the 8200 hour Life Demonstration Test the en-
gine power increased during the first 3000 hours and
was relatively constant thereafter [8].
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In-Hight measurements of the PPU efficiency suggest
that it is higher than the conservative value assumed
in the throttle tables, as shown in Fig. (8). These
values are based on the total engine power and PPU
high voltage bus current and voltage telemetry with
an additional 15 W assumed for the low voltage bus
input power. There is no telemetry for the low volt-
age bus, but ground testing showed a 15 W loss for all
conditions. The efficiency is sensitive to the line volt-
age and the temperature, as the ground data show.
The in-flight measurements should be compared with
the solid line in the center of the pre-flight data and
the highest dashed line. The range of uncertainty in
these measurements encompasses the ground test data,
but the in-space measurements appear to be consistent
with the highest efficiencies measured on the ground.

Because the PPU efficiency is higher than planned
in the mission throttle table, it more than offsets the
increased output power requirements observed so far
in the actual flight. Figure (9) displays the difference
between the observed PPU input power and the BOL
input power from the throttle table. The input power
required early in the mission was approximatly 20 W
lower than expected, because of the higher PPU effi-
ciency. The data from the subsequent NBURNs show
that the input power is just now approaching the BOL
throttle table value.

IPS Thrust

The acceleration of the spacecraft is measured very
accurately from changes in the Doppler shift of the
telecommunications signals. With models of the space-
craft mass as a function of time, the Doppler residual
data can be used to measure the thrust of the IPS
with an uncertainty of less than 0.5 mN. Preliminary
thrust measurements have been obtained so far in the
first 852 hours of thrusting from IAT1, the initial op-
erations and NBURN 0. The flight beam voltage and
current values, which determine to a large extent what
the thrust is, are slightly different from the setpoints in
the table. The flight thrust measurements are there-
fore compared to the thrust calculated from the ac-
tual electrical parameters rather than the table values.
The difference in the measured and calculated thrust
is shown in Fig. (10), with the curve fits to similar data
obtained with a thrust balance in ground tests. The
ground and flight data agree well with the calculated
values at low powers, but are lower at intermediate
powers. The flight data suggest that the difference in
true thrust and calculated thrust grows linearly with
power and is up to 1.6 mN lower than expected at mis-
sion level 83 (1.82 kWe engine power). The error bars
are based on the uncertainty in the measured thrust
and do not include errors in the calculated thrust.

This discrepancy may also be due to a systematic
error in the flight telemetry, althouzh the agreement
with ground data argues against that conclusion. As
Eq. (1) shows, the true thrust might be lower than cal-
culated because of a higher double ion content, greater
beam divergence than observed in the previous 30-cm
thruster tests or differences in the coupling voltage in-
space compared to ground tests. Additional measure-
ments and analysis will be required to resolve this is-
sue.

Although the actual thrust appears to be slightly
lower than expected, at the beginning of the mission
the overall system performance was still very close to
the BOL throttle table level, in terms of thrust for a
given PPU input power. Figure (11) shows that at
the beginning of the mission the higher PPU efficiency
largely compensated for the lower thrust. In this com-
parison, the thrust is within 0.5 mN of the table val-
ues. The gap between the two widens as the engine
wears and the total engine power requirement for a
given throttle level grows, however. The PPU input
power required for the thrust levels measured during
NBURN 0 has exceeded the EOL throttle table power
for an equivalent thrust.

Propellant Flow Rates

The performance of the xenon feed system is discussed
in detail in {2]. In general, the performance has been
excellent, although the flow rates are slightly higher
than the throttle table values. The mean value of the
main flow is 0.05-0.14 sccm (about 0.4 to 1.0 percent)
high, while that of the two cathode flows is 0.03 sccm
(about 1.0 percent) high. This is in part intentional.
As Fig. (12) shows, the XFS bang-bang regulators re-
sult in a sawtooth pressure profile. The control system
is designed so that the minimpm pressure in this saw-
tooth yields the throttle table flow rate values. In ad-
dition to this deliberate conservatism, there is a slight
bias in both regulators because one of each of the three
pressure transducers on the two plena had a slight off-
set after launch.

Qverall System Performance

The propulsion system performance can be summa-
rized in terms of specific impulse and efficiency. At
the beginning of the mission the Isp was about 60 s
lower than expected and the engine efficiency was 2
to 2.5 percentage points lower than the throttle table
values. The measured performance was still excellent,
with a measured efficiency of 0.42 to 0.60 at Isp’s rang-
ing from 1960 to 3125 s over an engine throttling range
of 475 to 1935 W. The measured mission planning per-
formance parameters are summarized in Table (4).
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Table 4. Flicht engine performance measured in space.
(=]

NSTAR Mission PPU Engine
Throttle | Throttle | Input Input Measured Main Cathode Neutralizer  Specific Total
Level Level Power  Power Thrust Flow Rate Flow Rate Flow Rate Impulse Efficiency
(kW) (kW) (mN) (scem) (sccm) (scem) (s)

12 85 1.99 1.86 75.34 19.99 291 2.82 3035 0.602
11 33 1.94 1.82 72.55 18.63 2.75 2.67 3125 0.610
11 33 1.96 1.83 72.63 18.62 2.75 2.67 3131 0.609
10 77 1.84 1.72 69.54 18.59 2.75 2.67 3000 0.594
10 76 1.82 1.70 67.21 17.31 2.58 2.51 3109 0.602
10 75 1.79 1.68 66.81 17.33 2.58 2.51 3087 0.601
10 74 1.77 1.66 66.11 17.33 2.59 2.51 3054 0.595
10 73 1.75 1.65 65.64 17.31 2.59 2.51 3035 0.594
10 72 1.73 1.63 65.15 17.31 2.59 2.51 3012 0.592
9 69 1.67 1.57 62.27 16.08 2.50 2.43 3070 0.597
6 48 1.29 1.22 47.43 11.42 2.50 2.42 3006 0.573
6 48 1.29 1.22 47.39 11.44 2.49 2.42 3004 0.571
3 27 0.89 0.84 31.70 6.93 2.50 243 2770 0.511
0 6 0.50 0.48 20.77 6.05 2.50 2.43 1961 0.418

5. ENGINE BEHAVIOR IN FLIGHT

The engine behavior in space has been very similar to
that observed in ground testing. The detailed operat-
ing characteristics of the engine are discussed in this
section.

Engine Ignitions

A total of 47 successful engine ignitions have occurred
in the first 3495 hours of the primary mission with
only one failure to achieve beam extraction due to the
initial grid short discussed above. The data from these
ignitions are reviewed here. The nominal heater cur-
rent value is 8.5 A; the actual cathode and neutralizer
heater currents in-flight have been constant and within
about 2 percent of the setpoint value. The time his-
tory of the heater voltages, which are an indicator of
heater health, are plotted in Fig. (13). The uncertainty
in these measurements is about +2 percent. The first
15 ignitions include the first successful engine start
and 14 start attempts after continuous recycling shut
the thruster off. The peak heater voltage is a func-
tion of the heater impedence, current and tempera-
ture. The data show that the heater voltage increases
in any rapid sequence of ignitions because the conduc-
tor is hotter at the beginning of each consecutive start.
The subsequent data show that the heater voltage is
also higher when the initial thruster temperature (in-
dicated by the front mask temperature in the plot) is
higher. The scatter in the peak voltages under similar
temperature conditions is low and very similar to that
observed in ground tests.

The time required for the cathodes to ignite after
the 210 s heat phase and application of the high volt-
age ignitor pulses is plotted in Fig. (14). The neu-
tralizer ignition delays show trends which also follow
initial temperature, with 20-80 s delays observed for

the lowest temperatures. Delays of up to 86 s were
also observed during ground thermal tests at the low-
est temperatures [14], and are not considered to be
a concern. In all cases the discharge cathode has ig-
nited 5-6 s after successful neutralizer ignition, which
reflects delays in the start sequence. Its ignition delay
may be shorter because it has a slightly higher heater
current and because it automatically goes through a
longer heat phase when the neutralizer ignition is de-
layed.

Throttling Characteristics

The throttling sequences were in all cases executed
properly by the DCIU after receiving ground com-
mands. An example of the throttling sequence is
shown in figures (12) and (15). The software onboard
the spacecraft is also designed to autonomously throt-
tle the engine and, if necessary, track the peak power
available from the array. The Navigation Manager
software recalculates the throttle level every 12 hours
and commands the IPS to the proper throttle level
via the IPS Manager. The Navigation Manager uses
models of the solar array power, spacecraft power con-
sumption and the trajectory to calculate the throttle
level. If the solar array output power cannot supply
the demands of the spacecraft and the IPS, power is
drawn from an auxiliary battery. The spacecraft flight
software battery algorithm will autonomously throt-
tle the engine down if the battery discharge rate and
charge drop below a prescribed threshold. This new
throttle level will be maintained until the Navigation
Manager resets the throttle level again. This function
was successfully demonstrated in all of the NBURNS,
which were accomplished with no ground control over
the detailed engine operation required.
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Steady-State Setpoint Accuracy

As mentioned above, the flight flow rates are slightly
higher than the throttle table setpoints. In addition,
the beam current is approximately 1 percent high over
a range of 0.51 to 1.49 A. The beam current is con-
trolled in flight to within +£2 mA by varying the dis-
charge current in closed-loop. Variation in the beam
current is driven primarily by the flow rate sawtooth,
as shown in Fig. (15). The neutralizer keeper current
is within one percent of the setpoint. The accelera-
tor grid voltage is 1.1 percent higher than the setpoint
at the nominal full power operating point. The beam
voltage is on average about 0.3 percent lower than the
full power setpoint. The offsets in beam power sup-
ply settings result in slightly higher beam power levels
than the throttling tables assume. This is largely offset
by lower neutralizer power levels, as explained below.
All of these parameters are well within the specified
flight system tolerances.

Discharge Performance

As indicated in the previous section, the difference be-
tween the total engine power and the throttle table
values is dominated by the discharge power difference.
The discharge performance is summarized in terms of
the ion energy cost in Fig. (16). The standard error of
these measurements is 1.5 percent. This plot shows the
beginning- and end-of-life discharge loss as a function
of mission throttle level. The data from early in the
DS1 mission are quite close to the throttle table values
except in the middle of the range (throttle levels 40-
60), where the flight data are higher. This appeared
to be true of the ground measurements as well, sug-
gesting that the BOL throttle table discharge power is
low by about 10 W in this range. The data from the
second thrust period from 852 to 1802 hours indicate
that the discharge losses are increasing with time as a
consequence of engine wear [10, 8]. The lowest throt-
tle levels are particularly sensitive to engine wear [10]
and show the largest increases in flight, up to 40 W.
The data from the last thrust arc from 1802 to 3495
hours show that the discharge losses have increased to
the EOL throttle table values in the mid-power range.

The discharge voltage and current are compared
with the throttle table values in figures (17) and (18).
The voltages measured in flight are typically within
2 percent of the throttle table voltages. The ground
test data are also plotted in this figure and tend to
be slightly higher, although some of these measure-
ments have not been corrected for voltage drops in
the ground facility power cables. There is very little
drift in the discharge voltage over the course of the
flight, which is consistent with long duration ground

test data [6, 8, 9]. The discharge current is also close
to the BOL table values initially, with the exception
of measurements at mission level 48. This is in the
range where the table values appear to underestimate
true BOL behavior. Unlike the voltage, the discharge
current has increased with time driving the discharge
power toward the EOL values.

Data on the sensitivity of discharge losses, voltage
and current to small variations in flow rates and beam
current from the on-going Extended Life Test were
used to examine the effect of setpoint errors on the
flight discharge parameters. The effects compete, and
result in negligible changes in these parameters due to
the small flow and beam current errors.

Ton Optics Performance

The ion optics appear to be performing very well so
far in flight. The accelerator grid impingement current
as a function of beam current is compared to ground
test data in Fig. (19). The standard error of these
measurements is about 0.03 mA. The data obtained
in the ground test facilities are higher because they
include a contribution from charge exchange reactions
with residual tank gas. The initial impingement cur-
rent levels in space are about 0.4 mA lower at 0.51 A
and 1.7 mA lower at 1.5 A compared to pre-flight mea-
surements in the JPL endurance test facility, which op-
erates at pressure levels of 2-5x10~* Pa (1.5-4x10~6
Torr) over the full throttle range. Accelerator grid
erosion measurements obtained in long duration tests
in this facility are therefore conservative. Data ob-
tained in VF 5 at NASA GRC, which has a residual
gas pressure about 3 times lower than that at JPL,
show impingement currents which are about 0.4 mA
greater than the initial space values. The impingement
current increased slightly after the first 430 hours of
operation and is now comparable to the lowest val-
ues measured on the ground. The ratio of impinge-
ment current to beam current is shown as a function
of beam current in Fig. (20). This parameter, which is
used in some probabilistic models of accelerator grid
erosion [15, 16, 17] ranges from 0.19 percent at 0.51 A
to 0.3 percent at 1.5 A with a standard deviation of
0.012 percent.

Approximately 120 high voltage faults have occurred
during 3495 hours of engine operation {excluding those
that occurred as a result of the initial grid short).
There has been no evidence of electron backstreaming.
The discharge loss has consistently increased slightly
when the accelerator grid voltage is raised from -250
V after ignition to the throttle setpoint, which is the
nominal behavior. This transition is monitored for de-
creases in the discharge loss, which could signal the
loss of electron backstreaming margin.
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Figure 21: Neutralizer keeper voltage measured in space and in ground tests.

Neutralizer Performance

The neutralizer power consumption has been 4-7 W
lower than the BOL throttle table values due to a
lower neutralizer keeper voltage, shown in Fig. (21).
This power savings roughly compensates for a higher
beam power demand due to the beam current offset.
The voltage dropped by about 0.5 V over several days
before many of these data were taken in IAT1. The
IAT1 data show that at that point in the mission the
keeper voltage was up to 2 V less than the pre-test val-
ues. This difference is not yet understood. The voltage
has continued to decrease with time, as the data from
the initial operations and the NBURNS show. This
behavior has been observed in ground tests [9, 8, 6]
and is an indication of improving emitter surface con-
ditions.

There is no instrumentation on the DS1 spacecraft
that allows the true neutralizer coupling voltage to be
easily determined. The voltage of neutralizer common
with respect to the spacecraft ground is metered, and
the behavior is shown in Fig. (22). To properly com-
pare this with the ground measurements of coupling
voltage, also shown in this plot, the spacecraft po-
tential with respect to the ambient plasma must be
known. It may be possible to estimate this from the
onboard plasma diagnostics, but this analysis is not
yet complete. It is interesting to note that the voltage
variation with throttle level has the same slope as that
of the coupling voltage in ground measurements and
that the magnitude is decreasing with time, which also
occurs in ground tests.

6. MISSION OPERATIONS

Although the total thruster operating time so far has
been orders of magnitude longer than that required
by impulsive propulsion systems, the mission opera-
tions demands have been minimal. This is largely due
to the successful implementation of a high degree of
spacecraft autonomy. Autonomous navigation has sig-
nificantly reduced the demands on the navigation and
trajectory design teams and spacecraft control of the
IPS relieves the ground controllers considerably. In
the initial phase of the mission a number of propul-
sion engineers were involved in mission operations and
validation. However, the final NBURNs have become
sufficiently routine at this point that very little work-
force is assigned to this area. The flight data dissem-
ination and analysis has also been largely automated.
During the initial, nearly continuous Deep Space Net-
work coverage the spacecraft telemetry was displayed
in real-time on a website that could be accessed by the
flight team. Data are also stored in the JPL ground
data system and automatic queries generate files that
are sent via ftp to all flight team members. A series
of macros in Igor Pro software are used to automati-
cally load, analyze and plot these data. The success
in reducing mission operations requirements with au-
tomation is an extremely significant result, because
the fear of excessive operations costs has been a major
barrier to the acceptance of ion propulsion for plane-
tary missions. This flight demonstrates that mission
operations costs for SEP-driven spacecraft are similar
to those for conventional spacecraft or possibly less in
cases where ion propulsion results in shorter trip times.
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Figure 22: Neutralizer common voltage measured with respect to spacecraft ground in space and facility ground

in ground tests.

7. CONCLUSIONS

The test of ion propulsion on the Deep Space 1 mission
has been extremely successful so far. All normal IPS
functions and some of the fault recovery modes have
been demonstrated over a total of 3500 hours of op-
eration. The differences between system performance
and engine operating characteristics in space and in
ground tests have been very small. The thrust appears
to be slightly lower than the calculated values at the
higher power levels, and the PPU eficiency appears
to be higher than the conservative values assumed in
the throttling tables. Fully autonomous navigation
and operation of the IPS have also been demonstrated,
achieving the goal of minimizing the required ground
support for low thrust propulsion systems. This flight
validates ion propulsion technology for use on future
interplanetary spacecraft and has provided a wealth of
information for future mission and spacecraft design-
ers.
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